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A relaxed isentropic compression supersonic inlet is a new concept that produces smaller cowl drag than a
conventional inlet, but incurs lower total pressure recovery and increased ﬂow distortion in the (radially) outer
ﬂowpath. A supersonic inlet comprising a bypass annulus to the relaxed isentropic compression inlet dumps out
airﬂow of low quality through the bypass duct. A reliable computational ﬂuid dynamics solution can provide
considerable useful information to ascertain quantitatively relativemerits of the concept, and further provide a basis
for optimizing the design. For a fast and reliable performance evaluation of the inlet performance, an equivalent
axisymmetric model whose area changes accounts for geometric and physical (blockage) effects resulting from the
original complex three-dimensional conﬁguration is proposed. In addition, full three-dimensional calculations are
conducted for studying ﬂowphenomena and verifying the validity of the equivalentmodel. The inlet-engine coupling
is carried out by embedding numerical propulsion system simulation engine data into the ﬂow solver for interactive
boundary conditions at the engine fan face and exhaust plane. It was found that the blockage resulting from complex
three-dimensional geometries in the bypass duct causes signiﬁcant degradation of inlet performance by pushing the
terminal normal shock upstream.
Nomenclature
A = area
AIP = aerodynamic interface plane, engine fan face
B = blockage
TPR = total pressure recovery
MFR = mass-ﬂow rate, _m
Pb = backpressure
I. Introduction
T HROUGH a supersonic inlet, a supersonic freestream ﬂow isdecelerated and diffused to subsonic speed before entering the
engine. A shock train, a series of shock waves during compression,
can occur in the supersonic region of the inlet and is eventually
terminated by a normal shock. The location of the shock train
categorizes the type of inlets as internal, external, or mixed
compressions.
Mass-ﬂow rate and total pressure recovery are two basic perform-
ance parameters of a supersonic inlet. Another important factor for
supersonic inlet designs is the cowl drag, which is primarily thewave
drag due to the difference between the cowl angle and freestream
ﬂow angle. In conventional external and mixed compression inlet
design practice, all shock waves from the external forebody surface
are focused to the cowl lip, thereby resulting in low ﬂow spillage,
good total pressure recovery, and ﬂow quality in subsonic diffuser.
The conventional design determines cowl angle according to the
local ﬂow angle. A larger local ﬂow angle near the cowl by higher
compression causes a larger cowl drag. Recently, Conners and Howe
[1] proposed the relaxed isentropic compression inlet, a novel
concept for supersonic inlet with remarkably reduced cowl drag. It is
a combination of straight and curved surfaces: a straight cone in the
forward part of the inlet followed by a smooth curved surface
providing an isentropic compression. Unlike conventional designs,
only the ﬁrst oblique shockwave from the cusp of the cone is focused
on the cowl lip, and the isentropic compression waves from the
curved surface intersect and modulate the terminal normal shock.
The ﬂow at the outer radius region near the cowl experiences less
compression than conventional inlets and hence has less turning
caused by compression. This allows a reduced cowl angle with
respect to the freestream ﬂow, hence enabling a signiﬁcant reduction
of cowl drag.
A demerit of the relaxed isentropic compression inlet is that the
ﬂow distortion increases, especially in the outer ﬂowpath near the
cowl because of the strong velocity gradient resulting from the
uneven compression between inner and outer ﬂowpaths. The
stronger normal shock in the outer ﬂowpath also causes reduction in
total pressure recovery. In addition, the reduced cowl angle requires a
rapid turning angle in the centerbody shoulder region in order to give
an adequate subsonic diffuser area distribution. This rapid turning
induces a thicker boundary layer in the subsonic diffuser. Flow
control devices, such asmicro vortex generators, may be necessary to
improve the boundary-layer health in the subsonic diffuser [2].
The annulus bypass ﬂow concept was originally proposed for
attenuating the sonic boom strength. The bypass concept, however,
has an unintended beneﬁt to remedy the aforementioned drawbacks
of the relaxed compression inlet by disposing the ﬂow of undesirable
features.
In this study we conduct ﬂow simulation of a three-dimensional
conﬁguration that includes a relaxed isentropic compression inlet, a
bypass ﬂow annulus, and a plug nozzle. The full three-dimensional
conﬁguration also includes struts, gearbox fairing, and ﬂow guide
vanes in the bypass annular duct for structural and aerodynamic
purposes.We also include the effects of a core engine to complete the
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simulation of the entire propulsion system. Inclusion of the core
engine, theRolls-Royce Tay 651 engine∗∗modeled by theNumerical
Propulsion System Simulation (NPSS), provides proper and realistic
boundary conditions for imposing thermodynamic variables at
the engine fan and exhaust faces. Flow simulations are made for the
axisymmetric and the full three-dimensional conﬁgurations; the
former is an equivalent geometry derived by accounting for the geo-
metric and physical blockage effects based on the full three-
dimensional conﬁguration.
In the following section, more details of the bypass inlet
conﬁguration are presented. Section III describes elements for ﬂow
analysis, of special interest is concerned with methodologies for
imposing boundary conditions for inlet-engine coupling and for
efﬁciently generating approximate cane curves. Numerical results on
the axisymmetric and full three-dimensional conﬁgurations are
described in Sec. IV. Finally, concluding remarks are given in Sec. V.
II. Supersonic Bypass Inlet Conﬁguration
A. Overall Conﬁguration
The full three-dimensional engine nacelle conﬁguration includes
the inlet forebody, a bypass ﬂow annulus and a plug nozzle, as
illustrated in Fig. 1a. The core engine is the Rolls-Royce Tay 651
engine, depicted in Fig. 2, which is a turbofan engine with a bypass
ratio of 3.1 and amaximum takeoff thrust of 15,400 lbf. Note that the
bypass ratio is for the core engine and should not be confused with
the bypass annular duct of the inlet.
B. Struts and Gearbox Fairing
Figure 1b shows the shape of the gearbox fairing and struts in the
bypass annular duct. There are nine thin-plate struts in the front and
nine relatively thick struts in the rear. Struts are installed there to
guide the bypass ﬂow and also for structural purposes. The shapes of
struts were designed in a one-dimensional way to locate the throat of
the annular duct near the leading edge of the rear struts and to
accelerate ﬂow into supersonic speed downstream of the throat. An
outer view of the CAD model for the whole geometry is shown in
Fig. 1c.
C. Axisymmetric Conﬁguration
As a preliminary step before simulating the full three-dimensional
geometry, an axisymmetric conﬁguration is generated and analyzed.
The inner cowl wall of the full model is modiﬁed so that the section
area distribution of the axisymmetric bypass duct is the same as the
three-dimensional bypass duct shown in Fig. 3 andwill be referred to
as AS-1 (axisymmetric conﬁguration 1). The rear nozzle part of the
duct does not follow the area distribution in order not to alter shape of
the outer cowl wall, which would not change the inlet ﬂow patterns
because the bypass duct is choked for the ﬂow conditions considered
here. The axisymmetric conﬁguration includes the inlet, bypass
annular duct, engine face and exit, and plug nozzle.
III. Methodology
A. Flow Solver
TAS-Flow [3], a ﬁnite volume unstructured-grid Navier–Stokes
solver, is used for ﬂow simulations. The Reynolds-averaged Navier–
Stokes (RANS) equations are discretized by the cell-vertex ﬁnite
volume method. Control volumes are nonoverlapping dual cells
constructed around each node. Each edge connecting two nodes is
associated with an area vector of the control surface, at which ﬂow
ﬂuxes are computed. To enhance the accuracy of the scheme, a linear
reconstruction of the primitive gas dynamic variables inside the
control volume is used in conjunction with a limiter [4]. The inviscid
ﬂux is computed using the Harten–Lax–van Leer–Einfeldt–Wada
(HLLEW) approximate Riemann solver [5]. Turbulence effects are
considered by the Spalart–Allmaras one-equation turbulence model
[6]. Since nomassive ﬂow separation appears for the ﬂow conditions
in the present study, RANS simulation with the Spalart–Allmaras
one-equation turbulence model is deemed to be adequate for the ﬂow
simulations. For the time integration, the lower/upper symmetric
Gauss–Seidel (LU-SGS) implicit method is adopted [7]. Parallel
processing is made by domain decomposition and MPI commu-
nication library. Implementation details and validation of the ﬂow
solver can be found in [3].
a) Supersonic bypass inlet configuration 
b) Shapes of struts and gearbox fairing in the bypass annular duct 
c) CAD model of the full configuration 
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Fig. 1 Full conﬁguration of the supersonic bypass nacelle, showing
struts and gearbox fairing (in the bottom portion).
Fig. 2 Rolls-Royce Tay 651 engine.
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Fig. 3 AS-1: the modiﬁed shape of the cowl inner wall having section
area equivalent to the full three-dimensional geometry for axisymmetric
ﬂow analysis.
∗∗Data available online at http://www.rolls-royce.com/deutschland/en/
products/tayspeydart.htm [retrieved 16 September 2010].
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B. Grid Generation
For the axisymmetric conﬁguration, we built a two-dimensional
hybrid grid: quadrangular cells near the viscous walls and triangles
for the remaining computational domain. The two-dimensional grid
is rotated for a small angle about the x axis to build a pie-shaped
three-dimensional grid. Figure 4 shows the computational grid for
the axisymmetric conﬁguration.
For the three-dimensional full geometry with struts in the bypass
duct, a surface mesh shown in Fig. 5 is generated directly on
stereolithography (STL) data [8]. A hybrid mesh is generated with
prism layers near viscous walls, tetrahedral cells in the remaining
computational domain, and pyramid cells in between when
necessary. Generation of the hybrid mesh is made by the advancing
front/layer method using MEGG3D [9].
C. Boundary Conditions
Flow conditions are for a supersonic cruise ﬂight at freestream
Mach 1.7 and altitude of 45,000 ft. As for the engine fan face
boundary conditions, we extrapolate the density and velocity
components from inside of computational domain and impose the
backpressure to adjust themass-ﬂow rate.At the engine exhaust, total
pressure and total temperature are imposed as inﬂow conditions for
the aft section of the engine core in the computation domain.
For evaluation of the total axial force combining drag and thrust
forces for the three-dimensional conﬁguration, boundary conditions
at the fan face and engine exhaust are imposed based on engine cycle
analysis results. To this end, an engine simulation code, Numerical
Propulsion SystemSimulation (NPSS) [10] is employed tomodel the
Tay 651 engine. NPSS is a multidisciplinary analysis environment
for aerospace propulsion systems and allows an efﬁcient analysis of
aircraft engine performances. In this study, NPSS provides steady-
state performance and thermodynamic characteristics of the Tay 651
engine.
For the inlet-engine coupling, the following approach is adopted in
the present study:
1) For ﬁxed values of the inlet total pressure recovery (TPR) in a
proper range of [0.90, 0.97], for instance, runNPSS toﬁnd the engine
mass-ﬂow rate for each TPR and its corresponding engine exhaust
conditions.
2) Make polynomial ﬁttings for the mass-ﬂow rate, nozzle
pressure ratio and exhaust total temperature as functions of inlet TPR.
3) Embed the polynomials into the ﬂow solver so that boundary
conditions are imposed depending on the inlet TPR on the ﬂy if inlet-
engine coupling is needed.
4) Run the ﬂow solver with the boundary conditions just
determined. Adjust the backpressure and nozzle throat area on the ﬂy
to match the target mass-ﬂow rate.
Figure 6 shows the engine data generated fromNPSS for imposing
boundary conditions as a function of inlet TPR in the ﬂow
simulations. The engine mass-ﬂow rate is proportional to the inlet
TPR and can be exactly ﬁtted by a linear function. The nozzle
pressure ratio and exhaust total temperature are also proportional to
the TPR and both show an almost linear variation.
When a targetmass-ﬂow rate through the engine face is given from
the linear relation of TPR vs mass-ﬂow rate (MFR) in Fig. 6a, the
actual mass-ﬂow rate can bematched to a target value by periodically
updating the static pressure p at the engine face boundary using the
following iterative relation [11]:
pn1  pn  0:2

_mnAIP
_mtarget
 1

(1)
where n represents the iteration level.
At the engine exhaust, the throat area of the plug nozzle is adjusted
in order to match the engine exhaust mass-ﬂow rate. First, the
required throat area is calculated from the engine exhaust total
conditions and target mass-ﬂow rate [12]:
Fig. 4 Computational grid for axisymmetric conﬁguration AS-1 (numbers of nodes: 152,040).
a) Front part b) Rear part
c) Struts and fairing 
Fig. 5 Computational grid for the full three-dimensional conﬁguration (number of nodes: 7,214,163).
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A  1
K

Tt
p
pt
_m (2)
where
K 


R

2
  1
1
1
s
which is a function of gas properties, the gas constant R and ratio of
speciﬁc heat . In this study, it was assumed that engine exhaust gas
has the same gas property as the freestream air: R 287 J=kgK and
  1:4.
The throat area calculated with Eq. (2) would result in a slightly
lower mass-ﬂow rate than required because of effects of the
boundary-layer thickness. The actual throat area needs to be deter-
mined iteratively on the ﬂy through a relaxation similar to Eq. (1):
An1  An  0:2

_mtarget
_mnexhaust
 1

(3)
The surface grid is modiﬁed according to the updated throat area.
The volume grid points are then adjusted accordingly using a spring
analogy approach. A spring coefﬁcient for each edge is deﬁned as
being inversely proportional to edge lengths to prevent tangled
elements. Computational cost for the spring analogy is negligible
compared to that of the ﬂow analysis.
D. Efﬁcient Generation of Cane Curves for the Full
Three-Dimensional Conﬁguration
The cane curves are manifestation of inlet performance in terms of
mass-ﬂow rate versus total pressure recovery at the aerodynamic
interface plane (AIP). Generation of cane curves is essential for
evaluation of inlet performance. For conventional single-passage
supersonic inlets without bypass duct, inlet performance is a function
of inlet geometry, freestream ﬂow conditions, and mass-ﬂow rate (or
backpressure) at the AIP. Therefore, a cane curve built with ﬂow
analysis or wind tunnel testing data can be directly adopted for inlet-
enginematching.However, for a bypass inlet, the performance is also
affected by the blockage of the bypass duct both from the change of
section area of complex ﬂowpath and viscous ﬂow physics
throughout.
Generating the cane curve for the full three-dimensional inlet
conﬁguration by analyzing the full geometry at various backpressure
conditions is a very time-consuming and expensive task. It would be
very helpful if axisymmetric ﬂow simulation can be used for building
cane curves as if it were an axisymmetric single-passage inlet,
provided that this approach (model) includes all essential physics
(primarily the blockage effect in this case). In the previous subsection
for mesh generation, AS-1, the axisymmetric conﬁguration with
equivalent section area to the full three-dimensional geometry is
introduced. However, the AS-1 does not include boundary-layer
thickness or other additional blockage due to the ﬂow physics in the
highly curved ﬂowpath. One can expect that the AS-1 and full
a) TPR vs. MFR                     
b) TPR vs. nozzle pressure ratio 
c) TPR vs. engine exhaust total temperature 
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Fig. 6 Engine data for the variation of inlet total pressure recovery at
the ﬂight condition.
Fig. 7 Modiﬁcation of the minimum section area of the axisymmetric
conﬁguration for blockage matching in the bypass duct.
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three-dimensional conﬁgurations would show performance differ-
ences, although they have the same inlet geometry and section area
distribution in the bypass duct. Consideration of the section area
alone in the axisymmetric analysis is not sufﬁcient for evaluating
performance of the full three-dimensional bypass inlet conﬁguration;
the additional blockage should also be taken into account.
Here, we introduce an efﬁcient way for approximating cane curves
for bypass inlets with complex ﬂowpath. For the same freestream
conditions and inlet geometry such as forebody, cowl, and splitter
shown in Fig. 1a, inlet performances are functions of backpressure at
the AIP (pb) and blockage through the bypass (B):
TPRAIP  f1pb; B; MFRAIP  f2pb; B
We assume that B can be modeled in an axisymmetric fashion by
changing the minimum area of the bypass duct. Then, the inlet
performance can be uniquely deﬁned by specifying the backpressure
at the AIP and the minimum section area through the bypass duct.
The procedure is as follows:
1) For a certain backpressure, conduct ﬂow simulation for the full
three-dimensional geometry to get TPRAIP3-D andMFRAIP3-D .
2) At the same backpressure, solve the equivalent axisymmetric
conﬁguration by adjusting the minimum area of the bypass duct, and
select the minimum area that (closely) matches TPRAIP3-D and
MFRAIP3-D .
3) If a linear variation of the blockage is desired with a two-point
ﬁt, repeat steps 1 and 2 once more for another backpressure
condition.
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Fig. 8 Representative Mach contours and the cane curve for the axisymmetric conﬁguration AS-1.
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Fig. 9 Normalized total pressure contours for the axisymmetric conﬁguration AS-1.
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4) Perform ﬂow simulations for the axisymmetric conﬁguration
with the constant or linear minimum area change and vary
backpressures to build an approximate cane curve.
5)Validate at some selected points on the cane curve by solving the
full three-dimensional geometry with the corresponding back-
pressures.
Here, we aremaking another assumption that the blockageB in the
bypass duct is constant or varies linearly as the mass-ﬂow rate at the
AIP changes. The above approach can be used to show the overall
trend of bypass inlet performances andwould be especially helpful in
the preliminary design phase of engine-bypass inlet coupling. The
axisymmetric conﬁguration with thematched blockage in the bypass
duct will be called AS-2 hereafter. Figure 7 compares grids of
original (AS-1) and modiﬁed (AS-2) axisymmetric conﬁgurations
for the bypass blockage matching. It should be noted that the actual
duct shape of AS-2 changes for different backpressure conditions if a
linear blockage matching is applied.
IV. Results
A. Axisymmetric Conﬁguration 1
The full three-dimensional conﬁguration has struts and fairing in
the bypass duct, whichwill cause blockage effects by boundary-layer
thickness and complex three-dimensional phenomena due to turning
and obstruction of ﬂows, possibly producing shock waves. Before
looking into the complex full three-dimensional conﬁguration, we
ﬁrst examined AS-1, the axisymmetric conﬁguration with the same
sectional area distribution in the bypass duct as the full three-
dimensional conﬁguration.
In Fig. 8, representativeMach number contours and a performance
curve are depicted for AS-1 at the supersonic cruise condition of
M1  1:7 and altitude of 45,000 ft. TheMach number is about 1.3 at
the foot of the normal shock wave and increases as it goes outward to
the cowl lip, which is one of the main characteristics of the relaxed
compression inlet.
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point is backpressure of 3.70.
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Fig. 12 Mach contours for AS-2 with a two-point ﬁt: the axisymmetric conﬁguration with the linear blockage (refer to Fig. 11).
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The reference mass-ﬂow rate at the AIP is set as 235 lb=s
(106.6 kg/s). The total pressure recovery is calculated by mass-
averaged integration at the AIP. The TPR reaches its maximum
value when the curved normal shock wave hits the cowl lip and no
secondary normal shock occurs, as shown in Fig. 8b. The maximum
total pressure recovery of 96% is consistent with other axisym-
metric computation for the same conﬁguration [13]. As the back-
pressure at the engine fan face is reduced another normal shock
wave appears and moves downstream in the core path, and the
mass-ﬂow rate is increased accordingly until the ﬂowpath is choked
as in Fig. 8a.
For all the solution points on the cane curve, the bypass duct is
choked: the ﬂow in the bypass duct begins with subsonic speed and
accelerates continuously to supersonic speed through a throat point,
without being terminated by a shock wave in the bypass duct.
The contours of normalized total pressure in Fig. 9 show one of
demerits of the relaxed compression inlet: the reduced cowl angle
causes a rapid turning angle at the center body shoulder region,which
causes a thicker boundary layer in the subsonic diffuser. Also
comparing Figs. 9b and 9c, one can note that most portion of the ﬂow
with less pressure recovery because of the stronger terminal shock
wave in Fig. 9c is being dumped out through the bypass duct so that
degradation of the total pressure recovery at the AIP is minimized.
This fact is shown more clearly in Fig. 10.
Figure 10 shows variation of total pressure recovery and mass-
ﬂow rate at the entrance of bypass duct as the core mass-ﬂow rate at
the AIP changes. From Fig. 10a, it can be noted that the total pressure
recovery of the bypass ﬂow also becomes maximum when the core
total pressure recovery is maximum. The combined TPR of the core
and bypass passages corresponds to TPR of a conventional single-
passage inlet. The core TPR is less sensitive to the change of core
mass-ﬂow rate than the bypass and combined TPR, which is another
merit of the bypass inlet. Figure 10b shows that the mass-ﬂow rate
through the bypass duct is proportional to the core mass-ﬂow rate
and, moreover, that the bypass duct and core ﬂows are inter-
connected.
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Fig. 13 Mach contours for the full three-dimensional conﬁguration (refer to Fig. 11).
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B. Full Three-Dimensional Conﬁguration: Inlet Performance
In this section, the full three-dimensional conﬁguration with struts
and fairing is considered. First, approximate cane curves for the full
three-dimensional conﬁguration is generated using axisymmetric
simulations with the blockage matching approach described in
Sec. III.D. The blockage is matched at the normalized backpressure
of 3.60 for the one-point ﬁt with a constant blockage. For the two-
point ﬁt, another point with the normalized backpressure of 3.70 is
added to build a linear blockage model.
The approximate cane curves by the one- and two-point ﬁts of the
blockage are shown in Fig. 11. These two cane curves cross each
other at the normalized pressure of 3.60 and deviate at smaller and
larger backpressures. For the linear blockage model, the blockage in
the bypass duct appears proportional to the core mass-ﬂow rate.
Comparison of solution points for AS-2 and full three-dimensional
conﬁgurations, denoted by the symbols wrapped in green bags in
Fig. 11, shows that the linear blockage ﬁt is muchmore accurate than
the constant ﬁt at bothPb=P1  3:664 and 3.40 and provides a very
close performance approximation to the full three-dimensional
conﬁguration. This fact suggests that the present assumption on the
bypass blockage is valid and that the ﬂow analyses are expected to be
reliable and accurate.
Some representative solutions for AS-2 with the two-point ﬁt are
visualized in terms of Mach contours in Fig. 12. All the AS-2 results
in the remaining of this paper refer to those with the two-point ﬁt. A
curved normal shockwave is standing upstream of the cowl lip due to
the blockage in the bypass duct. For the choked condition, another
normal shock appears in the core path, as depicted in Fig. 12a. As the
backpressure increases, the terminal normal shock in front of the
cowl lip slowly moves farther upstream.
Mach contours for the full three-dimensional conﬁguration at
normalized backpressures of 3.50, 3.60, and 3.70 are shown in
Fig. 13,which arevery similar to the contours forAS-2 represented in
Fig. 12.
Figure 14 shows the variation of total pressure recovery andmass-
ﬂow rate at the entrance of bypass duct as the core mass-ﬂow rate at
the AIP changes. Overall, the total pressure recoveries of AS-2 and
full three-dimensional conﬁgurations compare very well, as can be
seen in Fig. 14a. It is also noted that the total pressure recovery of the
bypass ﬂow is almost constant for the variation of the core mass-ﬂow
rate. Figure 14b shows that the bypass mass-ﬂow rate of AS-2 is
lower than that of full three-dimensional conﬁguration and inversely
proportional to the core mass-ﬂow rate. Meanwhile, MFRbypass is
proportional to MFRAIP for AS-1 and almost constant for the full
three-dimensional conﬁguration. The discrepancy in MFRbypass for
AS-2 is in contrast to the good agreements ofMFRAIP, TPRAIP, and
TPRbypass between AS-2 and full three-dimensional conﬁgurations.
The direct cause of the inversely proportional variation of the
MFRAIP with respect toMFRAIP is the linear blockage model, which
is set as proportional to MFRAIP in order to match inlet core
performances.
C. Full Three-Dimensional Conﬁguration: Coupled Performance
of Inlet Engine
Now we consider a coupled analysis of the inlet and engine for
performance evaluation of the whole bypass engine nacelle. The
coupled operation condition for inlet engine can be determined at a
point where the cane curve intersects the TPR vsMFR line in Fig. 6a
of the engine model (see Fig. 11). The same point can be found by
carrying out a ﬂow simulation of the full three-dimensional geometry
with the boundary conditions from the engine model.
The red triangle in Fig. 11 is the inlet operating point for the inlet-
engine matching at the supersonic cruise ﬂight condition. It almost
coincides with the intersection point between the approximate cane
curve of AS-2 with the two-point ﬁt and the engine mass-ﬂow line.
At the inlet-engine coupled condition, the total pressure recovery
is 93.16%, and mass-ﬂow rate is 102:95 kg=s. The engine exhaust
mass-ﬂow rate can be matched to a target value by adjusting the
Fig. 15 Comparison of original and modiﬁed plug nozzle geometries
for matching the engine exhaust mass-ﬂow rate at the inlet-engine
operating condition.
Table 1 Axial force of the full three-dimensional
bypass engine nacelle at the inlet-engine
operating condition
Force terms Value, Na
Pressure force on AIP 33,294
Pressure force on engine exhaust 73; 938
Pressure force by other components 32,740
Momentum through AIP 20,765
Momentum through exhaust 17; 278
Friction force 3,308
Total sum 1; 109
aA negative value means thrust force.
Mach: 0   0.45  0.9  1.35  1.8 Pt: 0.85 0.887 0.925 0.962   0.999
a) Mach contours of inlet b) Total pressure contours of inlet
Fig. 16 Results of the full three-dimensional conﬁguration at the inlet-engine operating condition: inlet region.
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throat area of the plug nozzle, as shown in Fig. 15. The total axial
force of the full three-dimensional bypass nacelle is calculated by the
surface integration over viscous walls and engine face/exhaust
planes. The resulting axial force presented in Table 1 shows that the
bypass nacelle generates thrust.
Some ﬂow features are visualized for the simulation results at the
inlet-engine coupled condition. In Fig. 16, Mach and total pressure
contours are shown in the near-inlet region. The additional blockage
in the complex passages of the bypass duct causes the terminal
normal shock to move farther upstream of the cowl lip compared to
AS-1 shown previously in Sec. IV.A. The converging-diverging plug
nozzle accelerates the subsonic ﬂow exhausted by the engine to
supersonic speed, as evident in Fig. 17.
The overall pressure contours for the full three-dimensional
conﬁguration at the inlet-engine coupled condition are displayed in
Fig. 18. The normalized backpressure for the inlet-engine operating
condition is 3.664. In Fig. 18, results of AS-1 and AS-2 conﬁgur-
ations with the same backpressure are also compared. The AS-1
Mach: 0   0.5  1.0 1.5  2.0
Fig. 17 Results of the full three-dimensional conﬁguration at the inlet-
engine operating condition: Mach contours near engine exhaust.
a) Full three-dimensional configuration 
b) AS-1 configuration  
c) AS-2 configuration 
P: 0.25 1.25     2.25     3.25    4.25
P: 0.25 1.25     2.25     3.25    4.25
P: 0.25 1.25     2.25     3.25    4.25
Fig. 18 Results of the full three-dimensional conﬁguration at the inlet-
engine operating condition: overall pressure contours. Pressure contours
of AS-1 and AS-2 with the same normalized backpressure (3.664) are
shown for comparison.
P: 0.5 1 1.5 2 1.5 3 3.5 4 4.5 5 5.5 6
Fig. 19 Results of the three-dimensional conﬁguration with faring and
struts at the inlet-engine operating condition: pressure contours on the
bypass duct inner surface (ﬂow from left to right).
b) Comparison of mass flow rates at entrance and exit of the 
bypass duct   
c) Comparison of total pressure recoveries at entrance and exit  
of the bypass duct 
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conﬁguration shows a totally different terminal shock location from
the full three-dimensional conﬁguration. Meanwhile, for the full
three-dimensional and AS-2 conﬁgurations, the overall trends of the
contours show a good agreement, from the inlet shock pattern
through the bypass duct and to the exit of the nozzle.
A region of great interest is inside the bypass duct. As shown in
Fig. 19, the front and mid parts of the bypass duct show smooth ﬂow
patterns. However, in the rear part of the duct, where the ﬂow is
accelerated and guided by the curved struts, oblique shocks are
occurring in a couple of ﬂow passages having severe curvature. The
abrupt change inﬂowpath near the fairing produces shockwaves, and
subsonic pockets embedded in the supersonic ﬂow seems to be the
main reason of mass-ﬂow spillage at the inlet.
The ﬂow quality in the bypass duct is further investigated by
checking the mass-ﬂow rate and total pressure recovery at the
entrance of the front ﬁve passages and exit of the rear ﬁve passages.
The ﬂow entering the bypass duct is guided by the ﬁve front passages
and then merges together before entering the rear passages in the
diverging part. Figure 20a shows the deﬁnition for indexing the front
and rear ﬁve passages. Figures 20b and 20c compare the mass-ﬂow
rate and total pressure recovery at each passage. Overall, the entering
ﬂow is well distributed into ﬁve passages and total pressure recovery
is also almost uniform. However, at the exit of the duct, the ﬂow rate
and total pressure recovery decrease as the ﬂow passage closes to the
fairing, which means more curved ﬂowpaths. An optimal shape
design of theﬂowpath in the diverging region to reduce occurrence of
shock waves and boundary-layer thickness would lead to a much
reduced ﬂow blockage and thus substantial improvement to the
bypass inlet performance.
Flow distortion at the AIP is visualized with contours of
normalized total pressure in Fig. 21 at the engine-inlet matching
condition. Although the inlet geometry is axisymmetric, the total
pressure contours are slightly deviated from axisymmetry because of
the front struts in the bypass duct. Since the normal shock is sitting
upstream of cowl lip, as shown in Fig. 16, existence of struts are
affecting the core path down to the AIP.
D. Full Three-Dimensional Conﬁguration: Grid Reﬁnement Study
Here, we present a grid reﬁnement study to show our grid density
is sufﬁcient to accurately capture ﬂow quality of the three-
dimensional supersonic bypass inlet. A very ﬁne grid is generated
with 17,894,278 nodes, which is 2.5 times as many grid points as the
original grid. As shown in Table 2, the ﬁne grid results in slightly
higher TPR and MFR at the engine AIP because of a slightly less
blockages effect. This is a result of lower numerical dissipation from
the ﬁner computational grid. However, the differences of inlet
performances at the inlet-engine matching condition are very small.
The contour plots of aerodynamic variables also show very slight
differences from each other and hence are not displayed here.
V. Conclusions
Flow simulations were conducted for the supersonic bypass inlet
conﬁguration proposed for reduced sonic boom and wave drag from
the inlet cowl. The ﬂowﬁeld around the complex geometry including
gearbox fairing and struts was solved using the Reynolds-averaged
Navier–Stokes equations on unstructured hybrid grids. Axisym-
metric and full three-dimensional conﬁgurations were considered to
investigate ﬂow physics and evaluate performance of the conﬁg-
uration. Inlet-engine coupling was made by interactively imposing
engine face and exhaust boundary conditions with the NPSS engine
model, such that the required mass-ﬂow rate is delivered to the
engine. An efﬁcient approach was suggested for building approxi-
mate cane curves for bypass inlets by using axisymmetric simula-
tionswith adjusted bypass blockage. Simulation results show that the
ﬂow quality through the bypass duct is deteriorated near the gearbox
fairing because of the severe variation of ﬂow passages. It was found
that the increased blockage in the bypass duct substantially degrades
the supersonic inlet performance at the core path.
As a future work, an optimal shape design of ﬂow passages in the
bypass duct will be conducted to reduce bypass blockage and
improve the inlet performance.
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